Study Design. Lumbar and hip movements, before and in response to rapid bilateral arm flexion, were evaluated in 10 people with recurrent low back pain (LBP) and 10 matched control subjects when standing on a flat surface or short base.
Postural control involves a balance between movement and stability. Postural adjustments associated with voluntary limb movement provide a typical example. Limb movement perturbs posture due to reactive moments and displacement of the body's center of mass. Before this predictable perturbation, activity of trunk and lower limb muscles is initiated to limit the disturbance. [1] [2] [3] However, these "anticipatory" postural adjustments do not simply stiffen the body, but instead induce movements, 4, 5 which are matched to the direction and amplitude of reactive moments, before arm movement. Bilateral arm flexion, which induces resultant trunk flexion, is preceded by small amplitude preparatory lumbar extension. This movement is controlled by a tightly constrained sequence of trunk muscle activity, 1, 5, 6 accelerates the trunk in the opposite direction to the perturbation, and is thought to reduce the impact of reactive moments. 5 Although control of these movement strategies is more complex than cocontraction, which increases trunk stiffness, 7 the outcome is potentially more efficient for postural control. This may be compromised in disorders that affect trunk movement, such as low back pain (LBP).
LBP is commonly associated with altered trunk muscle control. 5, 7 For instance, people with LBP have increased amplitude or duration of trunk muscle activity during voluntary trunk movements, 7 sudden load release, 8 gait, 9 and in association with arm movements when LBP is induced experimentally. 10 Modeling studies indicate that this muscle adaptation increases spinal stability 7 and has been interpreted as an attempt to increase the "safety margin" to prevent pain and protect the lumbar spine.
However, increased trunk muscle cocontraction restricts spinal movement. Correspondingly, lumbar motion is reduced during simple movements and gait in chronic LBP 11, 12 and experimental LBP 13 due to muscle activity or structural changes in joint mobility. As trunk movements contribute to postural control, this "protection" strategy is likely to compromise balance. It is not surprising that balance deficits have been reported in people with LBP. 14 -18 This has been associated with less lumbopelvic movement ("hip strategy") to maintain balance during quiet stance 16 and a corresponding more frequent loss of balance and increased displacement of the center of pressure (CoP).
In view of the contribution of movement to the control of balance and spinal posture, we hypothesized that the strategy commonly adopted by people with LBP to reduce movement and protect the spine may counter in-tuitively increase the perturbation to the spine from arm movement. This study aimed to test this hypothesis.
Materials and Methods

Subjects.
Ten people with LBP with a mean (SD) age of 29.7 (5.3) years and 10 age-(Ϯ3 years) and gender-matched control subjects, aged 28.5 (4.3) years, participated. Subjects were included in the LBP group if they had a history of LBP for Ͼ18 months, at least 1 episode of LBP in the preceding 6 months or pain that was semi-continuous with periods of greater and lesser pain, and LBP of the severity that required treatment or sick-leave from work. Subjects were excluded if their pain extended beyond the posterior superior iliac spine and was of nonmusculoskeletal etiology. All subjects were on full work duty at the time of testing. Subjects were included in the control group if they had no history of significant LBP (defined as episodes that required treatment or sick leave). Subjects were excluded from either group if they had any known sensory or neurologic disorders, previous surgery to the spine, unresolved lower limb musculoskeletal pathology, or any condition or medication that could affect balance. All procedures were approved by the Institutional Medical Research Ethics Committee and were conducted in accordance with the Declaration of Helsinki.
Demographic Data. Anthropometric measures (height, weight, and foot length) were recorded individually before testing and participants completed a Habitual Physical Activity Questionnaire. 19 LBP subjects completed an additional questionnaire related to their LBP history. Severity of LBP was measured using a 10 cm Visual Analog Scale and the Roland Morris Disability Questionnaire. 20, 21 The characteristics of subjects are listed in Table 1 . T tests for independent samples showed no difference between groups.
Trunk and Limb Kinematics. Motion of the different body segments was measured with an electromagnetic motion analysis system (Accension). Seven sensors were attached to the skin over bony landmarks (Figure 1 ). Data were collected at 100 Hz and converted to 3-dimensional coordinates using MotionMonitor software (Innsport).
Procedure. Subjects rapidly and bilaterally flexed the arms at shoulders to ϳ60°for 5 repetitions as fast as possible in response to an auditory trigger while standing on a flat surface or a short base (anteroposterior dimension, 12 cm). Movement was restricted to 60°as the direction of reactive moment changes when the arm is move above 90°, and this would increase the complexity of the postural task and the potential for variation between repetitions. The short base condition was included as a method to force the use of ankle and hip movement. 22 Subjects stood relaxed with bare feet (midpoints of the heels were separated by half the foot length) and were encouraged to maintain equal weight bearing between legs during the maneuver. The sequence of the support surfaces was randomized. In the short base condition, subjects stood on the block across the middle of the soles of the feet. Subjects rested for ϳ30 seconds between repetitions. An auditory warning preceded the trigger by a random period of 0.5 to 2 seconds. Three practice trials were provided before data collection.
Data Analysis. As arm movement was performed bilaterally and symmetrically, kinematics were analyzed only in the sagittal plane. Movements of the lumbar spine, hip, and upper limb were calculated as a change in angle between adjacent segments ( Figure 1 ) relative to a baseline angle (mean of 300 ms just before auditory trigger). Previous data indicate that flexion of the lumbar spine (i.e., resultant motion) is induced by flexion of the upper limbs. 5, 23, 24 However, this resultant motion is pre- ceded by a preparatory extension of the lumbar spine that is initiated either before or at the same time as the onset of limb movement. 5 Motion was identified using these criteria, and the amplitude of movement in each direction (if present) was calculated as the peak deviation from baseline. The difference in the frequency of occurrence of preparatory spinal motion was compared between groups using 2 test. The amplitudes of preparatory and resultant motion of the lumbar spine and hip were compared between groups with an analysis of variance. Additional analysis of variances with 2 independent factors were used to compare the amplitude of resultant motion between trials with and without preparatory motion and to compare this between groups. When main effects were significant, specific differences were identified using Duncan's multiple range test. Pearson's r was calculated to test the correlation between the amplitudes of preparatory and resultant motion of the lumbar spine. Significance was set at P Ͻ 0.05.
Results
Lumbar Motion
Rapid upper limb flexion was associated with a small preparatory extension of the lumbar spine of 2.7°(1.6°) that preceded a lumbar flexion of 1.8°(1.6°) in the control group. In spite of a similar amplitude of preparatory extension (2.8°(3.2°)), the range of resultant flexion (3.2°(1.8°)) was significantly increased in the LBP group (P ϭ 0.004, Figure 2A ). Preparatory motion of the lumbar spine was identified in 88% of the trials in the control group, but only 69% in the LBP group. This indicates a significantly decreased occurrence of preparatory motion in association with rapid bilateral upper limb movement in the LBP group (P ϭ 0.027, Figure 3 ).
Trials were divided into 2 categories on the basis of whether preparatory extension was present or not. There was no difference in the amplitude of resultant flexion in trials with preparatory motion (88% of trials, 1.8°Ϯ 1.7°) compared to those without preparatory motion (12% of trials, 1.8°Ϯ 0.6°) (P ϭ 0.92, Figure 2B ) for the control group. In contrast, for the LBP group, the displacement of the lumbar spine resulting from the reactive forces from the limb movement was significantly greater for trials with no preparatory extension (31% of trials, 4.8°Ϯ 1.6°) than for trials with preparatory extension (69% of trials, 2.5°Ϯ 1.5°) (P Ͻ 0.001, Figure 2B ).
There was a significant correlation between the amplitude of preparatory motion and the amplitude of resultant motion of the lumbar spine (r ϭ 0.34, P Ͻ 0.001). This indicated that people who move the spine in the opposite direction to the perturbation in advance of the arm movement are more likely to have a lesser amplitude of resultant motion. Conversely, people who do not use movement have greater amplitude of resultant flexion perturbation. When this association was analyzed separately for the control and LBP group, although there was no association between the preparatory and resultant motion of the lumbar spine for the control group (r ϭ 0.09, P ϭ 0.57; Figure 4A ), a significant association was present for people with LBP (r ϭ 0.47, P Ͻ 0.001; Figure   4B ). For every 1°of preparatory movement in the LBP group, the resultant motion is decreased by 0.27°.
Hip Motion
Unlike lumbar motion, few subjects in either group used preparatory motion of the hip in association with rapid bilateral upper limb flexion. Preparatory extension of the hip occurred in 29% of the trials in the control group and 24% in the LBP group. There was no significant difference between groups (P ϭ 0.31, Figure 3 ). The degree of preparatory extension and resultant flexion of the hip was 0.5°Ϯ 0.9°and 3.6°Ϯ 1.7°in the control group; and 0.3°Ϯ 0.7°and 4.0°Ϯ 2.6°in the LBP group, respectively. There was no difference in the range of preparatory (P ϭ 0.21) and resultant (P ϭ 0.34) motion between the groups ( Figure 5A ).
When trials were divided into those with and without preparatory extension, the amplitude of resultant motion was 3.3°Ϯ 2.3°for trials with preparatory motion and 3.7°Ϯ 1.6°for those without preparatory motion in the control group, and there was no difference between them (P ϭ 0.09). In contrast, for the LBP group, the resultant motion was increased from 2.0°Ϯ 1.8°to 4.8°Ϯ 2.5°for trials with no preparatory hip extension (P Ͻ 0.001; Figure   5B ). Duncan's multiple range test showed that the resultant flexion of the hip is significantly smaller for the trials with preparatory movement in the LBP group compared with other subgroups (Figure 5B ).
Short Base
When standing on a short base, preparatory extension of the lumbar spine preceded the arm movement in 77% of trials for the LBP subjects, which was not different to that on a flat surface (69%; P ϭ 0.39). There was also no difference between conditions for the control group (88% vs. 89%, P ϭ 0.86). The amplitude of preparatory (P ϭ 0.32) or resultant motion (P ϭ 0.90) was not different between groups. Furthermore, there was no difference in the resultant motion between trials with and without preparatory movement for either group (LBP, P ϭ 0.11; control, P ϭ 0.053, Figure 6 ). Although the data appeared to show a trend for increased resultant motion of the lumbar spine for trials without preparatory movement in the control group, this was based on a small number of trials (11%) without preparatory extension of the spine. 
Shoulder Movement
For the flat surface, the mean shoulder flexion acceleration was 3907°/sec 2 (SD 1451°/sec 2 ) for the control subjects and 3965°/sec 2 (1597°/sec 2 ) for the LBP subjects (P ϭ 0.48). The acceleration of shoulder flexion on the short base was 3334°/sec 2 (1322°/sec 2 ) and 3721°/sec 2 (2060°/sec 2 ) for the control and LBP subjects, respectively (P ϭ 0.37). There was no difference in the shoulder flexion range on both flat surface (65.1°(18.8°) in control versus 62.7°(15.7°) in LBP (P ϭ 0.49) and short base (65.4°( 16.4°) in control versus 61.0°(15.3°) in LBP (P ϭ 0.63).
Discussion
These data indicate that people with LBP are less likely to use movement as a component of anticipatory postural adjustments associated with arm movement. The data also point to a significant positive input/output association in the lumbar spine movement for the LBP subjects. As people with LBP often had no preparatory motion, there was an increase in the resultant motion in this population. All LBP subjects were on full job duty at the time of testing and, as there was no between groups difference in the habitual physical level, it is unlikely that the results are due to physical deconditioning.
Preparatory Movement Is Reduced in People With LBP
The reduction in occurrence of preparatory spinal movement in LBP subjects is consistent with the previous data of decreased spinal or intervertebral movement. 11, 12, 25 From the present study, it is not possible to determine whether the reduced preparatory trunk motion was due to increased trunk stiffness by trunk muscle cocontraction or a failure to activate the muscles in an anticipatory manner. However, earlier activation of a trunk flexor muscle in association with anticipatory activity of the paraspinal muscles (consistent with cocontraction) has been identified in association with arm flexion during experimental LBP. 26 Regardless of the mechanism, reduced lumbar movement in LBP has been argued to represent an attempt by the central nervous system to restrict spinal motion to either compensate for insufficiency in the osseoligamentous system or prevent of pain and/or injury. 7 Modeling and in vivo studies indicate that the increased activity and cocontraction of the trunk muscles that is commonly identified in LBP [7] [8] [9] 11, 27, 28 represents an attempt to augment trunk stability. 29 -33 This study suggests that, although this strategy may be ideal under some circumstances to protect the trunk, in the case of the perturbation to the trunk from voluntary arm movement, counterintuitively this may be associated with greater displacement to the spine and compromised stability.
Importance of Movement for Postural Control
Movement is a critical component of postural control. It is well accepted that optimal control of equilibrium is dependent on a balance between movement and stability 34 and even static postures are dynamic. For instance, during quiet stance, continuous displacement of the CoP is required to adjust for periodic disturbances to equilibrium. 35 Furthermore, respiration induces rhythmical perturbations to balance, and compensatory movements of the trunk and lower limbs minimize the disturbance to postural stability. 36, 37 Movement of the lumbar spine and pelvis is particularly important when standing on a short base as ankle torque is insufficient to maintain balance in this condition. 22 However, when people have LBP, this integration between movement and stability appears to be impaired. Three observations, namely, increased resultant lumbar motion from arm movement identified in this study, decreased balance when sitting on a rocking platform, 14 and increased frequency of loss of balance when standing on a short base 16 may be explained by reduced contribution of movement to postural control. Although this study did not evaluate control of whole body equilibrium (e.g., CoP motion), the data do argue that control of the spine (a component of postural control) is affected.
Traditional models of spinal stability have largely ignored the importance of movement for optimal control of the spine. In general, biomechanical models are static and predict that cocontraction of trunk muscles is ideal to optimize biomechanical stability of the spine, particularly the control of buckling. 29, 30, 38, 39 However, this may not be ideal for spinal function and for the contribution of the spine to control equilibrium. For instance, in a recent study of healthy individuals, when spinal stability was increased by cocontraction of the trunk muscles (induced by repetitive upper limb movement in the frontal plane), standing equilibrium was compromised as evidenced by increased sagittal plane center of mass displacement. 40 Although increased trunk stiffness may appear to be an effective strategy to ensure spinal stability and prevent pain in the short-term, reduced spinal movement may adversely affect spinal control and expose the spine to further trauma if the strategy is associated with greater perturbation. The present data show a significant positive association between the amplitude of preparatory and resultant lumbar motion for the LBP group. That is, people who use less preparatory motion are more likely to have a larger displacement of the spine induced by the reactive moments from arm movement. If preparatory movement in the opposite direction to the reactive moments and the associated muscle activity aids in the absorption and dissipation of these moments 5 then lack of such an adjustment is likely to lead to greater displacement. It is important to consider that this may be related to the combined effect of movement and/or the associated changes in muscle activity. This requires further investigation.
Unlike the people with LBP, there was no association between preparatory and resultant motion for the control group; resultant motion was not increased when preparatory motion was absent. A probable explanation for this finding is that healthy individuals may have greater flexibility to use motion at other segments to counteract the perturbation to the trunk. Consistent with this proposal, we have recently shown that when lumbar motion is decreased in healthy individuals this does not induce an expected increase in the displacement of the CoP with breathing. Motion of the hip and knee is increased to compensate for the reduced contributions from the spine. 41 In contrast, in people with LBP, hip motion is not increased in association with breathing to compensate for decreased lumbar motion and the displacement of CoP with breathing is increased.
42
Changes Were Specific to the Lumbar Spine An important finding of this study is that the increased resultant motion was localized to the lumbar spine in LBP, with limited effect at the hip. Few subjects in either group moved the hip in advance of arm movement. There was no difference in the frequency of the preparatory hip motion or the ranges of preparatory or resultant hip motion between the LBP subjects and the healthy controls. However, the few LBP subjects who did prepare the hip with movement had a reduced resultant motion of the hip. These data suggest that the impairment of trunk control may be largely confined to the pathologic region, which is consistent with other kinematics studies that suggest no change in hip movement in LBP during lumbar flexion 43, 44 and in association with breathing. 42 But some people with LBP may actually have better quality of control at the hip.
One possible reason for the localized changes at the lumbar spine is that proprioception may be reduced at the region. Impaired proprioception has been reported in people with LBP in several studies. [45] [46] [47] [48] Reduced movement of the lumbar spine could be explained as a strategy to reduce the reliance of accurate control of the spine when sensory input is deficient.
Effect of Standing on Short Base
By asking subjects to stand on a short base, we aimed to force them to use lumbopelvic movement (i.e., a "hip strategy") to maintain equilibrium. It has been shown that anteroposterior shear forces increase when subjects adopt a "hip strategy." 22 Although people with LBP consistent generate less anteroposterior shear force when standing on a flat surface compared to pain-free individuals (which suggests less lumbopelvic movement), anteroposterior shear force is increased when standing on a short base of support. 16 In this study, there was no significant change in preparatory motion when subjects stood on a short base, although there was a slight increase in the frequency of preparatory movement in the LBP group. Of note in this condition, there was no difference in resultant motion between the control and LBP groups. This implies that people with LBP performed as competently as the controls in this condition, and suggests that when the challenge to equilibrium control is increased subjects may shift the priority from protection of the spine to equilibrium control. However, as there was no increase in the preparatory motion, the lack of difference in resultant motion between groups maybe explained by compensation from other joints in the lower limbs (such as hips and knees), although they were not measured in this study.
Conclusion
In summary, these data provide evidence that movement is a necessary component of spinal control, but people with LBP appear to use preparatory motion of the lumbar spine less frequently. The association between the preparatory and resultant lumbar motion suggests that reduced movement of the trunk in advance of limb movement in LBP subjects is associated with greater resultant displacement of the trunk. These data point to a situation in which restriction of spinal movement counterproductively is associated with a greater disturbance to the spine.
Key Points
• Lumbar and hip movements associated with rapid bilateral arm flexion were evaluated in 10 people with recurrent LBP and 10 matched control subjects.
• Patients with LBP used preparatory lumbar extension less frequently; consequently, the spinal displacement (resultant flexion) induced by shoulder flexion was significantly greater.
• The reduced spinal movement in advance of predictable perturbation may be associated with compromised quality of trunk control in patients with chronic LBP. 
